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Analysis of interband, intraband, and plasmon polariton transitions in
silver nanoparticle films via in situ real-time spectroscopic ellipsometry
S. A. Little, R. W. Collins, and S. Marsillaca兲
Center for Photovoltaics Innovation and Commercialization (PVIC), University of Toledo,
Toledo, Ohio 43606, USA

共Received 10 September 2010; accepted 20 February 2011; published online 10 March 2011兲
The dielectric function of Ag nanoparticle films, deduced from an analysis of in situ real-time
spectroscopic ellipsometry 共RTSE兲 measurements, is found to evolve with time during deposition in
close consistency with the film structure, deduced in the same RTSE analysis. In the nucleation
regime, the intraband dielectric function component is absent and plasmon polariton behavior
dominates. Only at nuclei contact, does the intraband amplitude appear, increasing above zero. Both
intraband and plasmon amplitudes coexist during surface smoothening associated with coalescence.
The intraband relaxation time increases rapidly after surface smoothening is complete, also in
consistency with the thin film structural evolution. © 2011 American Institute of Physics.
关doi:10.1063/1.3564894兴
Resonant oscillations associated with conduction electrons in metal thin films, known collectively as surface plasmons, can couple to incident electromagnetic waves when
surface structures such as roughness protrusions, gratings, or
nanoparticles exist.1 Resonance characteristics depend on
electrodynamic interactions with the electrons, the surrounding polarizable media, and the relationship of the optical
wavelength to the Fourier spectrum of the metallic surface
profile. Thus, surface engineering permits tunable optical
properties.2 Devices utilizing such technology include sensors for biological materials3 and those based on surface enhanced Raman spectroscopy.4 Back contact reflectors in thin
film solar cells also exhibit surface plasmonic effects that
influence their performance.5
The first in situ real time spectroscopic ellipsometry
共RTSE兲 studies of metal film nucleation and growth focused
on Al and Ag films.6,7 More recently, Oates et al.8 have studied the growth of Ag in situ over the photon energy range of
1.25–3.33 eV. In the present article, RTSE measurements
spanning the range of 0.75–6.50 eV are described in detail
for a Ag nanoparticle film. This broader spectral range enables a separation among the contributions due to intraband
transitions at low energies, nanoparticle plasmon polariton
transitions at intermediate energies, and interband transitions
at high energies. It also enables the determination of thicknesses associated with the nucleating nanoparticle layer, the
coalesced bulk layer, and its overlying surface roughness
layer, which can then be correlated with the behavior of the
dielectric function components associated with the nucleating and bulk layers.
Thin film Ag was deposited by dc magnetron sputtering
onto a Si 共100兲 wafer with a 39 nm thermal oxide using a Ag
target 共99.99%兲 in high purity Ar 共99.998%兲. The substrate
was held at room temperature, and an Ar pressure of 4 mTorr
and a target power of 10 W were maintained. RTSE data
were acquired in situ during film growth using a rotatingcompensator multichannel ellipsometer with a photon energy
range of 0.75–6.50 eV and a 65° incidence angle. Pairs of
a兲
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共⌿ , ⌬兲 spectra were collected with a 3 s acquisition time.
The optical model, including thicknesses of a bulk layer, db,
and a surface roughness 共or nucleating兲 layer, ds, along with
the fully characterized substrate, was used in fits to real time
共⌿ , ⌬兲 spectra by least-squares regression. The dielectric
functions of the nucleating and bulk layers were parameterized whereas that of the surface roughness layer was determined from the Bruggeman effective medium theory 共EMT兲
as a 0.5/0.5 volume fraction mixture of underlying bulk layer
material and void.9
The imaginary parts, 2, of the dielectric functions for
selected deposition times are shown in Fig. 1. Three spectral
regions can be parameterized through the following equation:

共E兲 = ⬁ +

A L2
− A D2
+ G共E兲,
+ 2
E + i⌫DE EL − E2 − i⌫LE
2

共1兲

where

FIG. 1. 共Color online兲 Imaginary part of the complex dielectric function 2
plotted as a function of photon energy for bulk Ag and for Ag obtained at
selected deposition times.
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db grows at a constant steady-state rate until the shutter is
closed. The final film thickness from RTSE agrees well 共to
within 10%兲 with that from profilometry. The root mean
square surface roughness thickness, dAFM, measured from
tapping mode atomic force microscopy 共AFM兲 at the end of
the deposition was ⬃1 nm, which compares with the final
RTSE value of ds = 1.6 nm. This yields the relationship ds
⬃ 1.6dAFM, which is close to that observed for silicon thin
films.13
Also shown in Fig. 2共a兲 is the Drude component amplitude AD and Lorentz oscillator amplitude AL as functions of
time for comparison with the structural evolution. At the
deposition onset, AL increases as the nucleating layer thickness increases due to the increase in the volume fraction of
nanoparticles. During this first stage, AD is not detectable due
to the absence of pathways for free electron conduction in
the nucleating film. At the vertical dashed line 共t = 2 min兲,
however, AL reaches its maximum just as AD increases above
zero. Thus, the vertical dashed line denotes the onset of conducting electron behavior, which simultaneously corresponds
to the onset of a well-defined db value in a two-layer analyFIG. 2. 共Color online兲 共a兲 Layer thicknesses and amplitudes of Drude and
sis. Similarly, the decrease in the Lorentz oscillator ampliLorentz components and 共b兲 relaxation times for the intraband 共Drude兲,
tude at the onset of AD indicates that the nanoparticles that
nanoparticle plasmon polariton 共Lorentz兲, and interband transitions as functions of the deposition time for a Ag thin film from nucleation though
confine electrons are integrated into the conducting film
coalescence to bulk film growth.
structure. Thus, this stage is associated with coalescence
which simultaneously corresponds to surface smoothening as
seen in ds from Fig. 2共a兲. This close correspondence between
G共E兲 = AG共⌫G/2兲−关ei共EG − E − i⌫G/2兲 + e−i共EG + E
the structural and optical properties provides support for the
共2兲
+ i⌫G/2兲兴.
validity of the overall analysis, which uses the Bruggeman
EMT to determine the optical properties of the surface
At low energies, the rapid decrease in 2 with increasing
roughness layer, as distinct from the bulk layer, in a twophoton energy observed at longer deposition times is attriblayer model.
uted to free electron or intraband transitions and was fit using
Although there is excellent overall consistency between
a Drude expression in Eq. 共1兲 with amplitude AD and broadthe
sets
of properties, it is interesting that a nonzero AL value
ening ⌫D as adjustable parameters. In the midrange energies,
is
observed
even after the surface has completely smootha well-defined peak is observed for all times in Fig. 1, which
ened.
Furthermore,
the Drude amplitude AD just after comshifts to lower energies with increasing time and merges with
plete smoothening is considerably lower than the value obthe intraband transitions. This peak is associated with nanotained in the thick film limit 共9 eV兲. A likely explanation of
particle plasmon polariton transitions and is modeled using a
both effects is incomplete coalescence of crystallites and
Lorentz oscillator expression in Eq. 共1兲 with amplitude AL,
trapping of void structures within the bulk layer at the subresonance energy EL, and broadening ⌫L, as adjustable
strate interface. The trapped structure and associated plasparameters.7 At high energies, the absorption step observed
mon feature at the substrate interface are no longer observed
for all times is attributed to the onset of interband transitions
when the overlying film becomes opaque at the resonance
originating from the d-bands and was modeled using the
energy, as occurs for db ⬎10 nm. Consistent with this intermore general critical point oscillator expression provided in
pretation, AD approaches the expected bulk value for db
Eq. 共2兲.10,11 The free parameters in this case include the am⬎ 10 nm, indicating a higher density in the thick film limit
plitude AG, band gap energy EG, broadening ⌫G, phase ,
than in the near-interface bulk layer.
and exponent .
The relaxation times calculated on the basis of the relaFigure 2共a兲 shows the evolution of the nucleating, bulk,
tion  = ប / ⌫ for different dielectric function contributions are
and surface roughness layer thicknesses with time. Three
plotted as a function of deposition time in Fig. 2共b兲. The
stages are clearly identified in the growth process.6,12 In the
first stage after opening the shutter 共t = 0 min兲, the Ag film
relaxation time of the Lorentz oscillator L corresponds to
the mean free time between collisions for the electrons connucleates following a Volmer–Weber growth mode, evifined within the nanoparticles. As can be observed in Fig.
denced by an abrupt increase in ds with no detectable in2共b兲, L is essentially constant within the range of 0.25–0.3 fs
crease in db. In the second stage starting at t = 2 min, the
as a function of time, even as the thickness associated with
enlarging nanoparticle nuclei have made contact and generthe nuclei increases from 7.5 to 12.5 nm. This increase in
ate a well-defined db value 共i.e., greater than a monolayer in
thickness兲. In this stage, the nucleating layer is replaced by a
nucleating layer thickness reflects an increase in the size of
top-most surface roughness layer whose thickness is found to
the nanoparticles as observed directly from AFM. As a result,
decrease rapidly with bulk layer thickness as the nuclei coait is concluded that the relaxation time is limited, not by
lesce into db. As a result, the db growth rate is larger during
scattering from nanoparticle surfaces but rather by scattering
coalescence than in steady state. In the third stage 共t
from defects, e.g., crystallite boundaries, internal to the
nanoparticles;
otherwise
the relaxation time wouldDownloaded
increase to IP:
a nearly
value
while
⬎ 5 ismin兲,
ds hasassaturated
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at the same rate as the thickness.6 Even throughout coalescence, and as the proposed substrate interface resonances
dominate, L remains very short, also indicating dominance
of defect scattering. In a theoretical analysis of the nanoparticle plasmon polariton, obtained by substituting the Drude
expression into the Maxwell Garnett EMT,7 L equals the
relaxation time in the Drude expression D. This prediction is
borne out by the results in Fig. 2共b兲, in which case there is an
overlap between Lorentz and Drude values. Thus, the nanoparticles are formed not from bulklike Ag but rather from the
defective Ag formed in the coalescence stage—which has a
factor of 15 shorter relaxation time.
A dramatic increase in D occurs starting at t = 5 min,
which corresponds to the completion of surface smoothening
and the start of the third stage of growth, characterized by a
nearly constant surface roughness thickness; see Fig. 2共a兲.
Thus, in the coalescence process, the defective Ag nanostructure abruptly transitions to a larger grain polycrystalline film
nearest the surface. The divergence of D and L at this time
provides evidence for different structure of the Ag near the
surface 共D兲 versus near the substrate interface 共L兲. In the
third stage, a continuous, gradual increase in D occurs and is
attributed to grain coarsening with increasing thickness. In
this stage, a linear increase in 共D兲−1 with d−1
b is observed, as
might be expected if the grain size increases linearly with
bulk layer thickness.14 This evolution in grain size is corroborated by x-ray diffractometry. The relaxation time D for
the final film 共70 min deposition兲 is 9.1 fs, which is to be
compared with 37 fs for multicrystalline Ag.15
Compared to L and D, the interband transition relaxation time G is longer in the nucleation stage. This is evident
directly from Fig. 1 where the width of the interband onset is
observed to be narrower than that of the plasmon polariton.
For the interband transitions the initial electronic state is
within the d-band, which has a weak dependence on electron
wave vector k. For interband transitions arising from particulate Ag regions of the film, the static dielectric constant is
low due to the spatial confinement of free electrons. This
may lead to electron and hole Coulomb interaction that
would significantly reduce the group speed associated with
the excitation. For a given mean free path, this would account for the longer relaxation time in the early stage of
growth as compared to the plasmon polariton, in which case
electron travels in accordance with the Fermi speed. The
more gradual increase in G in the third stage of growth is
likely to have the same origin as the rapid rise in D, namely,
the reduction in defect density and an increase in grain size.

In conclusion, this study emphasizes the close correspondence between the evolution of structural and optical
behavior during metal film growth as deduced by in situ
RTSE. Several features of significance have been identified
that support the application of RTSE for detailed structural
analysis. First, it is found that the amplitude of the Drude
component increases above zero precisely at the transition
from nucleation to bulk layer growth as identified by the
transition from a one-layer to a two-layer optical model, using the Bruggeman EMT for the optical properties of the
surface roughness layer. Furthermore, the amplitude of the
plasmon polariton component reaches its maximum at this
transition and decays beyond, supporting the interpretation
of a transition from nanoparticle to film growth. Other less
expected features have been observed including a plasmon
polariton amplitude that extends beyond the completion of
smoothening, suggesting a residual interface plasmon component. In addition, a relatively long relaxation time is observed for the interband transitions, suggesting a more localized excitation. Generally, RTSE proves to be a powerful
tool for in situ and real time analysis of metal nanoparticle
deposition with the prospect of deposition control for specific sensor functionalities.
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